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Two base triplets 
any amino-acid. 

of the genetic code are known ‘not to represent 
It now appears that, In Eschcrlchfa co//, the UGA 

triplet of the bases uracil, guanine and adenlne does not code for 
an amino-acid and is therefore also a “nonsense triplet’*. 

MOST of the sixty-four triplets of the genetic code’ have 
been allocated to one or other of the. twenty amino-acids. 
The two known nonwnw triplets (UAA, o&r6 and UAQ, 
amber) are believed to signal the termination of the poly- 
pe tide chain. The only other triplet so far unallocated is 
&A, f or which binding experiments give uncertain or 
negative results. 

In this artiole we show that UGA is “ unacceptable” in 
our eyatom (Eumb wli infwted with bacteriophage 
2’4) and present suggestive evidence that it is nonsense; 
that is, that it does not stand for any amino&d. Theore- 
tical argumenta make it likely that there is no transfer 
RNA @RNA) to reoognize it. The reason for this ap t 
absence of fuuction is not yet known. Neither is it r own 
whether UGA is nonsense in other orgamsms. 

Evidonoe that UGA may be nonsense in E. wti ik 
also been present&d by Karen & a3.1. They investigated the 
reversion of amber and o&r6 mutanti in the alkali& 
phosphatase gene of B. .wti. Amber mutants (UAG) 
reverted, as expeoted, to seven different amino-aoids 
including tryptophan whioh is. ooded by UGG. O&e 
mutants (UAA) reverted to ‘six of these amino-a&la 
but not to tryptophau. This negative result makea it 
uulikely, that UQA stands for tryptophan (see also 
krz ansno~rpmeP) and suggmts that It might be a 

transition is more precisely specified by the finding that 
the conversion to an ochre is induced by hydroxylamine 
and that the ochre triplet produced does not require any 
replication foe expression. Using a previous argumentP 
this result. suggests that the change arises from a G-*A 
change in the messenger MA. Because X666 is not an 
am&r, this proves that it contains’the triplet UGA. To 
contlrm that BP amber at the site of X066 would be sup- 
pressed by amber suppressors the X666 ochre has been 
converted to an amber by mutation and its @opert.ies 
tested (Table I). 
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Phagl rtockl were plated on tlm following rtmilm’: Jr. cA244: :uj 
($223 uutr, CA160: a& CA26S; rcl& B CAl66: a&$ , CAl67: and rub .’ 

Table 2. -OR or X065 

Muiant X065 ‘kntbna WA. Much of our genetio work, _ 
has been concerned with the left-hand end of the B cistron 
of the rII region of baoteriophage T4. We have made 
extensive and detailed investigatioxis of this region whioh 
are being reportsd’elsewhere~. The mutant X666 ocours 
in the middlo of this region. In brief our proof that X666 
contains the triplet UGA consists in oonverting it to an 
oehre (UM), using mutagens the behaviour of which is 
already known. 

X066 was induced from wild ty& by 2-aminopurine, 
and identical mutants are. also found after treatment of 
wild type phage with hydroxylamine. This shows that it 
differs from au acceptable triplet by a G-G to A-T base 
pair change in the DNA. It is. not suppreesed by any 
amber or o&e suppressor (Table 1) and is therefore neither 
UAG nor UAA. The reversioii ‘rzoperties of X666 are 
shown in Table 2. It is strongly induced to revert to c+ 
by 2-aminopurine, as is expected, but there is no induction 
to r+ by hydroxyhuuiue. Thus -the triplet in the DNA 
either contains no G-C pairs or, if it does contain one, it is 
cmmected to Another’ 
A-T t-ition. 

unaoceptable triplet by a &c fo 
...I :.:‘- . . -. :.: ._ 

The triplet is in fact connecti tc~UM by a transition, 

.’ tamhru 

because X666 can be converted to an o&e and this change 
ia induced by 2aminopurine (Table 2). The nature of the 

4 
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X656 was treated with 2-uminopnri~~ and ?&l~&lunlnr ‘M prevhly 
dudbed’**. TOW @age was uuyed on E. Edi B  and r* rmwtmta on 
CA244 (ru-). Ochw revertanta were mdected on CA248 @I$, and dlrthghbed 
~cVV&iyr’anta by pIcklag and mtabblng about 666 phque~ fmto CA246 

. .1 
: .. . 

Olhcrowurreruzuof VGA. Bithreeeaseswehavebeen ’ 
able to produce the triplet UGA by selected phase shifts 
in our region. When ( + - ) phase shifts are made o,ver the 
i%st part of the B cistron, the two phase shift mutants 
&equently do not suppress each other. We have shown’ 
that these barriers to mutual suppression are due to the 
generation of unacceptable triplets in the shifted frame. 
One of these barriers, b,, has been identified as an ombs+ 
and.two others, b, and br, aa C&VU. Three lx&era, brr 
b, and b,, have now been identified as ‘UQA by their 
base-analogue .induced reversion to o&w. In each ease 
the identification has been cheaked by converting the txhtb 
to an amber at the same. site. ’ 

Tryptophau is represented by the single &don U&3. It 
would therefore’ be’expected to mutate by transitiona to 
both UAG (umber) and UGA, and .thus in suoh oasee 
amber and UGA mutants should ooour.in oloee pairs. 
The amber mutant, HB74, whioh mapa olose to X666, 
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is 8n exemplo of this. Genetic cresses between it, X665, normal am&-acid reading and points Bfrongly to the 
8ud the o&e and umber derived from X656, show thet aonclusion th8t it is nonsense. ’ I 
HB74 m8ps identically to the amber derived from X656, The chemiaal reeaon-for UGA not coding for oy~teine 
8s expected (Table 3). comes from the work of Khor8n8 CL al.?. They have showri 

that poly (UGA), when used 8s 8 messenger in 8 cd-he 
Table 9. EXCOXBIXATIOX BHZWEEH vAIUOW. XUTANT8 system derived from E. coli induces the production of 

X656 x655 poly methionine (corresponding to AUG) end else poly 
XUSG .ocAw omblw EB74 TrIpkit 8spartia 8&d (componding to GAU). NO other amino- 

xtlss 
xe.55 ochr.4 UOA 

0” 
8cid appears to be incorpor8ted. In p8rtiaul+r, no poly. 

x6555 amber 0” - UM 
Ei 

ayateine w8s found. For verious re8sonta this evidence ia 
En74 : 0 8 0 not completely decisive, but it 8t least m8kes it unlikely 
The haga were crowed In B. cdi B and the complexa Irradiated rltb that UGA is cynteine. 

~tra.volet light to.rtlmtiti meomblnatlon (us mf. 4). In the Table. 0 P Fun&m of lUGA. It might be thought thet the se- 
meane thnt r* mcomblnante warn not rlgnl6untly above the mverslon rate. 
rhlcb wu b&wan 2 and 0 x lo-‘: In tbhore eXpMmeDU whem 

o-?-‘t’ve 
quenca conteining UGA was nonsew becouee it was the 

mwh worn obtaIned ( + ), the fmpusncg wu between P and fl Y 1 signel for the beginning or ending of 8 gene (or oporou). 
h other wordy, that it produced its effeot during the 

So far MO have found the oxpectod pairs xonsisting of mthesie Of the mwsenger RNA on the DNA templete of 
UGA 8nd an amber in two other cases. In the A cistron, the gene. This exphm8tion is highly unlikely beaause the 
8 mutant X066* is found with the amber mutant N97, effbata of UGA depend on it being re8d in phaaet. The 
and in the B cistron, NM is paired with the umber mutant p henotypia effeat of X666 a& he removed when the 
X237. Both NO7 8nd X237 8re likely to have an’sen mutent is placed in a ( - + ) shifted fmxne5 end the berriem 
from UGG (tryptophan) which is conCrmed by the b,, bs and 6, an, of ~0~188 produced by phase shifte- Th8t 
tinding that they respond only poorly to the amber ie, the base sequence UGA aahwtlly oaaum 8t these pl8aee~ 
suppressor au& which inserts glutamino‘. Both X666 in the wild type messenger RNA but in such a wey that 
end N65 h8ve been converted into o&e mutants, showing it is out of phase when the m8ss8ge is re& oorreotl~. 
that they contain the triplet UGA. These O&W have Because we have no reason to suepeat thet RNA poly- 
slsb been converted to amber8 8t the same site. bf8pping mer88e synthesizes. mwwnger RNA in groups of ‘three 
investigations, snelogous to those in Table 3, are consistent btwes at 8 time.t+hese results itiply that the phenotypio 
with these allocetlom+ ef&ots of UGA must ooaur during protein synthe&s. 

Unuazptabilicy of U#A. There is very good evidence It thus seems unlikely that UGA codes for any nmino- 
that the amino-acid sequence coded by the 5rst port of acid, 8nd in pertiauler it does not eppeor to oode for 
the B cistron is not critical for the function of the gene’. either aysteine (UGU and UGC) or tryptctphen ;(UGG). 
It aan be repleced by varying lengths of the A aietron The wobble theory of codon-anticodon inter&ion de- 
using deletions thet join the two genes. Moreover, an veloped by one of us’ m&w the predictioh that heaeuae 
extensive ( - + ) frame shift can be m8de without notice- .pf 8 wobble in the recognition me&mism at the third 
sble effect on the function. Of the fifteen known bese- place of the aodon no tRNA molecule ‘aan recognize 
sMlogue mut8nt.s in the region, thirtoen are either ochrcs XYA alone without at the 88x1~ time recognizing either 
or ambera; one, HDP63, is temperature sensitive and . XYG or b&h XYU end XYC. Such thearetioal ergu- 
X656 is UGA. The extreme bias towards umber and menta oennot be aonaldered oonalusive, but they aertdnly 
oahre chain-termin8ting mutants confirms tho dispens- suggest th8t UGA .ia e.triplet’for whiah no tRNA exists. . 
ability of the region’. These results make it unlikely that For this re8son we think it unlikely that VGA roduoee 
the unecceptability of UGA in X656 and the three berriers the el%ient termination of the polypeptide chain, ut more f 
results from the insertion of an amino-acid, 8nd strongly direct evidence will he~noeded to establish this point. 
suggest that it is nonsense. Con&&m. We heve thue established that in the ph8ge- 

In addition. the UGA mutant X666 in the A cistron h8s infected cell UGA, is certdnly “unaacepfeblo” in tho ~11 
heen combined with the deletion r1589 and hse been found cistrons, although it remains to be seem whether this is 
to remove the B activity of this phrrge. This is the ‘test true for other species. We heve produced reeaons why it 
for nonaenw originally used by Benzer 8nd Champet ia unlikely to cod8 for eny tunino.&d. We are con&lent 

In d these ~8888, however, it could be argued thet UGA that fhe~ murrt be ~Wty RWOIUJ if even 8 single triplet 
might code aysteine, especially 8s the two known tripleta is not ueed in the genetio code, becau~ otherwioe natural 
for cyst&e are UGU end UGC. If the B protein 8l~+f seleat$on would h8ve aertainlp slloaated it to en amino- 
contained 8 cysteine essential for its function the effect acid. At the moment we sre inclined to believe that UGA 
of UGA elsewhere might be to produce en S-S bridge may he nwws8ry ae~e’ ?paee” to seperate genes in 8 
between the cysteine iuserted by UGA and the (hypo. polycistronia meesege. It is passible to make 8 plausible 
thetical) essential one, end thus in8ctivati the protein. theory for E. Eoli along these lines, but we prefer to leeve 
Nevertheless we regard this aa unlikely for two rea,son~, the dissuasion of’ this until we heve more experiment8l 
one genetic and one chemical. Thi we are 8t preeent attempting 

The genetic evidence concerus the anomalous minutes 
produced by certain ( + + ) combinations in the B cistron’. We th&k DA. A. Geran, ‘H. G. Khorsae snd A. 
In some regions of the first part of the B cistron combiner- S8mbh8i for. interesting discussions and for ahowing UB 
tions Of two ( + ) phase shift mutants are able to grow to t&&r paperr in edvturce of publication. One of the authors 
some extent on the restrictive host, E. coli K12. The (E. R. K.) is. 8 holder of 8. United States Churahlll 
plaques ProdUced 8re minute, however, showing thet the Fou&tion saho18rshlP* 
wild type henotype is very far from being completely 
lWtOred. A 

Beae1vedDeeember22,1W6. ‘_. ” .’ 
detailed 8mdysis of one set of these combina- 

tions showed that minutes are obtained only from +irs 
1 For the l trnctum of the tine& code l hd the evldeaea for noneenee trIpI& 

MO the papen In the Cold Spring Harbor Sympo&m -XXX on “The 
of (+ ) mutants which straddle barrier b,. The presence Oenetlo Cede”. l!MO (In the prem). ‘, . 
of the barrier is obligatory bec8usc, if it is removed by * Welgert. M. 0.. Lanka, E.; and Caren. A.; J. Md. Bid.,W. 301'(1Wf). 

*lambhal, A., and Bmnnar,.S., In preparation. 
mutation, the ( + + ) doublos are unable to grow at all on 1 Barnett. L. Bmnner. S., Crick, F. H. C..‘Shati?, lZ.0.. and %&Tobln. 
E. C& K12. The minutes are clearly duo to 8 phaeo err01 Il. J.. Ph. Trenr. Boy. See. (In the pm\. 
of one sort or nnothor and tho phase error is dependent * Bmnner. 5.. Stmtton, A. 0. W., and Kaplan. 9.1 Nefuw.006.801(1065). 
on the barrier b, which we now know to he UGA. This ’ Benzer. S..and Champ& 8. P.; Pmt. U.S. Xaf. deud. SeL, r&,1114 (lStE).- 

’ Iforgan. A. It... Wells, R. D., and Khorana, E. 0.. Pme. OS. .Vaf. dead. 
result shows that UGA cannot be associated with any Sd. (la the pmn). . 

eCrlck. F. H. C.. J. Md. Bid.. lb MO (MS). 
l Thh Ir not a tipdnt for X1365. ’ Bremer, 8.. and Beckwitb. J. B.. J. Md. JNd..U. 629 (lQ65). 
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